Characteristics of soil biofilms
Soil provides numerous available surfaces for formation of multispecies biofilms in which bacteria colonize microhabitats, occupying less than 1% of total soil volume and merely 10 -6 % of the soil surface area (Young and Crawford, 2004; Young et al., 2008) . Biofilms in soil consist of diverse species embedded in a self-produced matrix of extracellular polymeric substance (EPS), attaching to soil particles or biotic surfaces such as roots and fungal hyphae and decomposing organic material (Burmolle et al., 2012; Flemming and Wuertz, 2019) . Although soil environments are complex and dynamic, biofilms can stabilize the conditions surrounding bacteria, providing protection against predation, desiccation and exposure to antibiotics, while improving the availability of nutrients and oxygen, and providing a niche for horizontal gene transfer (Sørensen et al., 2005; Madsen et al., 2012 ).
The soil microbiome and biofilms
Microorganisms, the earliest forms of life on earth, determine the direction and process of the evolution of earth, and nurture human civilization (Dodd et al., 2017) . The soil microbiome, which includes all microorganisms found in any given soil, is known as the engine which drives many key biogeochemical cycles. The microbiome maintains nutrient cycling, soil fertility and is implicated in soil carbon storage (Liang and Balser, 2011) , with a direct or indirect effect on the health of plants and animals in terrestrial ecosystems (Ahmad et al., 2017; Fierer, 2017) . Early methods of microbiological research involved adding an inoculum and culture medium to a flask, and shaking under specific conditions. This allows microbial cells to acquire enough nutrients to grow and reproduce in a planktonic state. However, microorganisms in the natural environment frequently exist as surface-attached structures termed biofilms (Flemming and Wingender, 2010; McDougald et al., 2011; Flemming et al., 2016) . Biofilms generally colonize carbon rich surfaces of soil media such as plant roots and clay minerals, and secrete EPS to form aggregates (Ma et al., 2017; Nunan, 2017; Cai et al., 2018) . The multicellular aggregates formed by soil microbes are known as soil biofilms, or unsaturated biofilms, owing to low water availability as the distinguishing environmental factor of the local environment (Holden, 2001 ).
Organization of soil microbial communities
When studying the soil microbiome, some researchers consider microbes as a whole and assume that they are closely interacting with each other. However, this is not how microbes inhabit the soil. Heterogeneity and diversity are inherent properties of soil habitats (Kuzyakov and Blagodatskaya, 2015) . The spatial arrangement of soil creates numerous micro-habitats and provides simultaneous living space for microorganisms that occupy contrasting niches. In recent years, sectioning of intact soil has shown that soil microbes exist in the form of individual micro-aggregates (Nunan, 2017) . These micro-aggregates are small in size, with only a few hundred cells and limited number of species, and separated from other micro-aggregates by several tens of micrometers (Raynaud and Nunan, 2014) . Thus in unsaturated conditions, a single aggregate may contain a myriad of different microbial communities, each composed of thousands of individuals (Vos et al., 2013; Rillig et al., 2017) . These soil microbial communities lack connectivity with each other, and thus resemble biogeographical islets, which contribute to spatial and biochemical heterogeneity at the micro-scale (Fig. 1A) . 1.3 Soil biofilms are not static but dynamic at spatial and temporal scales
The life cycle of a soil biofilm can be divided into several stages: i) attachment onto solid surfaces (such as minerals and plant roots), ii) colonization of these surfaces, iii) development, iv) maturation and v) cell dispersal (Fig. 1B) . Attachment is a physicochemical process, subject to the interplay of surface charge, dissolved ions, and fluid mechanics (Cai et al., 2013) . When microorganisms sense the surface, profound physiological changes will occur at the interface which prompts colonization (O'Toole and Wong, 2016) . During the development of a biofilm, the physiology of cells diverges from that of planktonic counterparts, producing a biochemically distinct phenotype and physical form. At maturation the biofilm structure and composition are relatively stable. However, with the depletion of nutrients or external disturbances, the cells within can respond quickly -releasing enzymes capable of dispersing the biofilm and triggering the dispersal of cells (Oppenheimer-Shaanan et al., 2013) . During biofilm dispersal, cells can detach from the biofilm matrix in active or passive ways. These detached cells may colonize another site and start a new biofilm cycle (Fig. 1B ).
Unique properties of soil biofilms
When compared to their planktonic counterparts, biofilmassociated bacteria generally have strong fitness advantages (Kragh et al., 2016) . Robust, ecologically important, biogeochemical processes occur in the small volume of these biofilms, forming soil hotspots (Kuzyakov and Blagodatskaya, 2015) . For example, a biofilm of Bradyrhizobium japonicum SEMIA 5019-Penicillium spp. increased the mineralization of organic nitrogen and phosphorus in a soil, and showed higher nitrogenase activity even under high NO 3 -concentrations compared to soils containing planktonic members of the same species (Seneviratne and Jayasinghearachchi, 2005) . Species interactions across major taxonomic groups within biofilms also reveal beneficial impacts on soil aggregation . In addition, EPS accounting for 80% of biofilm's dry mass (Chenu, 1993) can provide numerous beneficial functions in soils such as protecting microorganisms against biotic and abiotic stresses . For example, EPS can store 15 to 20 times its own weight in water (Chenu and Roberson, 1996) , thus significantly increase the water holding capacity of soils (Adessi et al., 2018) . EPS also contributes to the formation and stability of soil aggregates (Bezzate et al., 2000; Büks and Kaupenjohann, 2016) , in which the magnitude of the effect is largely dependent on the characteristics of EPS (Chenu and Cosentino, 2011) and soil physico-chemical properties (Martin and Aldrich, 1955) . For bacterial biofilms and their interactions, attention is usually to biotechnological applications and clinically relevant fields (Perez-Garcia et al., 2016; Kenny and Balskus, 2018; Magana et al., 2018) , while the importance of soil biofilms has largely been ignored. From the perspective of soil microbiology, research in different fields are needed to lay the foundation for researching soil biofilms and to drive this field into a new era.
Microbial interactions in soil biofilms
Cells in biofilms are known to interact with each other and exhibit many social activities due to their close proximity, which inspired the introduction of the anthropomorphic term "sociomicrobiology" (Parsek and Greenberg, 2005) . These social behaviors involve inter-and intra-specific interactions, the exchange of metabolic products and intercellular signaling . Due to the diversity of microbes in biofilm communities, the interactions in biofilms are always diverse and dynamic, and play important roles in the formation and function of soil biofilms.
Cooperative interactions
Microbes in nature tend not to exist in isolation and can cooperate to build a biofilm (Faust and Raes, 2012) . The formation of biofilms is conducive to protection against environmental stresses, implying that microbes can cooperate to form multi-species biofilms which jointly cope with unfavorable living conditions. For example, Burmølle et al. (2007) found that Pseudomonas putida SB5 could promote biofilm formation by Chryseobacterium sp. SB9, resulting in a dualspecies biofilm which was also found to exhibit strain-specific properties. Another study has also shown significant synergetic interactions in a four-species biofilm containing Stenotrophomonas rhizophila, Xanthomonas retroflexus, Microbacterium oxydans and Paenibacillus amylolyticus, with X. retroflexus playing a dominant role and the other strains a supplementary role in the formation of the multi-species biofilm (Ren et al., 2015) .
Bacteria in biofilms are in close proximity to one another, which is a prerequisite for the trade of metabolites between cells. Metabolites containing amino acids produced by other species are frequently used by bacteria for growth in laboratory-based settings or natural environments, which is ecologically termed as cross-feeding (Pande et al., 2016) . Most microorganisms in a biofilm are auxotrophic, and more than 98% of the microorganisms sequenced so far lack essential pathways or key genes for the synthesis of amino acids (Zengler and Zaramela, 2018) which suggests that the trade of metabolites among different species in biofilms is very important for survival. For example, metabolic cooperation can occur when ammonia is supplied to ammonia-oxidizers by nitrite-oxidizing bacteria, such as Nitrospira moscoviensis (Flemming et al., 2016) . Cross-feeding can even be observed in inter-domain interactions, e.g. with Streptococcus mutans and Candida albicans. Both are found together in biofilms from early childhood caries, with C. albicans benefiting from lactic acid produced by S. mutans (Raja et al., 2010; Metwalli et al., 2013; Sztajer et al., 2014) .
The increasing tolerance of biofilms to antibiotics and surfactants is also the consequence of mutually beneficial interactions (Harrison et al., 2007; Lee et al., 2014; Olsen, 2015) . Moreover, bacteria can cooperate in contaminant degradation, such as with the herbicide linuron and 2,4-dichlorophenoxyacetic acid (Aspray et al., 2005; Breugelmans et al., 2008; Flemming, 2010) . Overall, co-metabolism in soil biofilms is suspected to play a vital role in contaminant degradation, nutrient cycling, and organic matter turnover (Fig. 1C) .
Intra-and inter-species competition
Viewed externally, cooperation would appear to be the main ecological interaction among biofilm organisms, but competition also occurs. On one hand, individuals, or populations, may strive for advantage in terms of space or resource utilization. On the other hand, the micro-environment afforded by the soil biofilm is still vulnerable to external disturbances which may destroy the foundation of this stability resulting in shuffling of the community structure, which we summarize as post-disturbance biofilm competition.
The exploitation of contrasting niches in a biofilm is a community consequence of evolution constrained by time and space. For example, with anaerobic biofilms developed on the surfaces of sewer pipes, sulfate-reducing bacteria (SRB) and methanogenic archaea (MA) compete with each other for substrates including organic matter, acetate and hydrogen. SRB were dominant in the initial phase of biofilm formation but, on maturation, methanogenic colonizers were better adapted and replaced the SRB (Auguet et al., 2015) . Competition pressure for nutrients is particularly high among phylogenetically similar strains in soil, marine and other natural environments (Hawlena et al., 2010; Schoustra et al., 2012; Patin et al., 2016) . Researchers measured the pairwise interactions among 64 Streptomyces strains isolated from several individual grains of a soil sample and found reciprocity between strains, which means if a strain inhibits or promotes the growth of a second strain, the second strain is likely to affect the first strain in a similar manner (Vetsigian et al., 2011) . Such reciprocity is further enhanced in strains derived from the same soil grain, suggesting that it may be a property of coexisting communities. Other studies indicate that an increase in biofilm formation is a common adaptive response to long-term coexistence . A pairwise interaction assay of 67 bacterial species also showed that antagonism is most likely to occur among closely related species, and that the more similar the strains are metabolically, the higher the probability of antagonism . Given the factors above, it is clear that both inter-and intra-specific diversity are important metrics for understanding and predicting biofilm behavior.
To gain competitive advantage, a bacterial taxa may rely on many different approaches, two examples being i) inhibiting the growth of other taxa by nutrient competition through the secretion of siderophores and ii) killing other competitors by secreting broad-spectrum antibiotics (Hibbing et al., 2010; Gao et al., 2019) . These two approaches have been described as "pirate" and "killer," respectively (Szamosvári et al., 2018) . For example, bacteria can produce antibacterial compounds such as bacteriocins, antibiotics and surfactants to inhibit the growth of adjacent taxa, resulting in competition between cells. Additionally, Bacillus spp. and Pseudomonas spp., which have been referred to as biocontrol bacteria, produce 2,4-diacetylphloroglucinol which can inhibit the growth of plant pathogens (Raaijmakers and Mazzola, 2012) . The secretion system ('Type VI') of some pathogens like Pseudomonas aeruginosa can transport the virulent proteins into neighboring cells, which can inhibit the growth of and even kill these cells (Basler et al., 2013; Nadell et al., 2016) .
In natural environments, high order inter-and intra-taxa interactions are central properties of ecological networks because of high diversity and rapid co-evolution of microbes. Current studies mainly focus on the relationship between biodiversity and ecosystem functioning by analyzing multispecies mixtures that combine taxa chosen at random (Foster and Bell, 2012) . There is a rapid and significant increase in productivity with more taxa added, especially for ecologically indigenous taxa, which may explain the observed rise in the total population size when the diversity of taxa increases (Freilich et al., 2011; Gravel et al., 2011). 3 Ex-situ techniques in soil biofilm research
Biofilm cultivation devices, microscopy and sequencing techniques
Direct characterization of biofilms in soil is incredibly challenging due to spatial heterogeneity within any single soil aggregate. The opacity of the soil matrix makes it almost impossible to visualize soil biofilms using microscopy. Therefore, studying biofilm development processes ex-situ is advantageous to further our understanding of the functional capacity of a sampled soil community. Various constructs can be used as biofilm cultivation devices, such as microtiter plates, drip flow biofilm reactors, and rotary biofilm reactors (Fig. 2) . The microtiter-based cultivation approach provides a platform for high-throughput screening of multispecies biofilm formation and can be used as a standard procedure for evaluating interspecies interactions in defined microbial communities (Burmølle et al., 2007; Ren et al., 2014) .
Biofilm cultivation devices can yield biofilms that can be analyzed using optical, including fluorescence, microscopes such as confocal laser scanning microscopy (CLSM) to enable visualization of biofilm structure. Fluorescent protein tagging and fluorescence in situ hybridization (FISH) allow the visualization of spatial arrangements of community members . Fluorescent dye staining also enables the analysis of cell viability, EPS composition and metabolic activities (Guilbaud et al., 2015; Azeredo et al., 2017) .
The rapid development of sequencing techniques can further reveal phylogenetic composition and gene expression during biofilm formation (Sztajer et al., 2014 Comparative gene expression analysis of the X. retroflexus transcriptome in single-species biofilm and dual-and fourspecies biofilm with S. rhizophila, M. oxydans and P. amylolyticus revealed complex interdependent interaction patterns in the multispecies biofilms and the significant role of cross feeding in synergistic biofilm production (Hansen et al., 2017) . As a further example, four taxa, including Pseudomonas fluorescens, Bacillus subtilis, Brevundimonas and Pedobacter typically co-exist in soil. In the absence of an exogenous carbon source, the latter three taxa, especially B. subtilis, will inhibit the growth of P. fluorescens. Transcriptome analysis revealed that P. fluorescens varies significantly at the transcriptional level in response to different taxa, with both Brevundimonas and Pedobacter promoting the secretion of a broad-spectrum antibiotic from P. fluorescens (Garbeva et al., 2011) . Moreover, metagenomics and 16S rRNA gene amplicon sequencing have provided great insight into the structures and dynamics of soil microbial communities (Faust and Raes, 2012) . The networks obtained from these studies based on microbial operational taxonomic units (OTUs) can be used for predicting bacterial interactions in natural environments from oceans to the human microbiome (Chaffron et al., 2010; Methé et al., 2012) .
Microfluidics offer novel experimental opportunities
Microfluidics techniques have been widely applied in biomedicine in recent decades. The precise control of structure and fluids at the microscopic scale offers a new approach to simulate a heterogeneous soil environment. Coupled with other modern toolkits, it has great potential to contribute to the study of microbial interactions in soil biofilms (Aleklett et al., 2018) . Currently, existing microfluidic chips (devices) can be divided into three categories viz. continuous flow devices, paper based devices, and digital microfluidic devices (Liu and Walther-Antonio, 2017) . Continuous flow devices are the simplest and sometimes referred to as flow cells (Azeredo et al., 2017) . The capture device in the microfluidic system is usually an optical microscope (conventional, fluorescence, or confocal laser). To track single-cells, the microscope needs to perform autofocus and focus shift compensation or collect high-resolution image data with a confocal microscope. The spatial location, size, orientation, biomass, etc. are then obtained by data and image processing (Oliveira et al., 2015) .
While techniques such as flow cells and optical coherence tomography (OCT; which can image fluorescently labeled biofilms) are not suitable for high-throughput studies, they can provide valuable qualitative and quantitative information regarding spatial structure. Moreover, since current omics techniques normally require the disruption of soil spatial structure, they can only provide raw repertoires of taxa and genes, and fail to provide information about biological interactions between organisms at the microscale (~100 μm) where most effects on population dynamics and composition occur (Cordero and Datta, 2016) . Microfluidic platforms can be applied to mimic the soil-environment and study microbial behavior at the microscale, including simulating physical heterogeneity, creating chemical gradients and patches, manipulating microbial interactions, and studying rhizosphere interactions (For details see Garcia-Cordero and Maerkl, 2014; Aleklett et al., 2018) .
In combination with advanced imaging techniques and appropriate fluorescence tags, microfluidic platforms can provide insight into the bacterial interactions in soil at the microscale. With a modified microfluidic-based device enabling direct imaging of root-bacterial interactions in real time, Massalha et al. (2017) monitored biofilm formation of a fluorescently labeled B. subtilis colonizing the root of Arabidopsis thaliana and interacting with fluorescently tagged cells of Escherichia coli in the rhizosphere. Real-time imaging of these two strains showed that bacteria compete for root surface colonization. In addition, microfluidic devices can also be utilized to control spatial structure and chemical communication in a community, which may facilitate the understanding of how communities of microbes interact and perform community-level functions in natural ecosystems and how the diversity of microbial communities is maintained at the microscale (Rusconi et al., 2014; Liu et al., 2016) . In a community which consisted of three soil bacterial taxa (Azotobacter vinelandii, Bacillus licheniformis, and Paenibacillus curdlanolyticus) with syntrophic interactions, each taxa was localized by a microfluidic device into an individual culture well separated from a microfluidic communication channel by a nano-porous membrane. The maintenance of these taxa simultaneously under these conditions demonstrated that a defined microscale spatial structure is both necessary and sufficient for the stable coexistence of interacting bacterial species in a community (Kim et al., 2008) .
Perspective
Soil biofilms offer advantages for microbes living within them. Studies on the mechanisms of soil biofilm development, organization and microbial interactions will provide useful information for the management of soil microbes for desired outcomes: be they environmental, agricultural, or biotechnological. However, the spatial and chemical heterogeneity of soil conditions make it difficult to mimic biofilms at the scale of soil particles and also almost impossible to observe biofilms in situ. Additionally, the EPS matrix provides different localized habitats at the microscale with dynamic gradients of oxygen, pH and nutrients (Flemming et al., 2016) , which further increases the difficulty of replicating soil biofilm conditions. Microfluidics devices combined with appropriate fluorescent labels and imaging techniques can provide unique insights into microscale ecology of this complex microenvironment and are therefore likely to enhance our understanding of this momentous field of research (Massalha et al., 2017) . In the future, such devices should be designed to represent variations in conditions that are unique to the soil environment, namely oscillating wet and dry phases that occur naturally with water infiltration followed by evaporation events. Given that microaggregate isolation is facilitated by disconnected water films that develop with soil drying, and given that disconnectedness is so profoundly influential in structuring biofilm diversity and function, aspiring to allow for microfluidic devices to operation under controllable unsaturated conditions will allow for approaching a more realistic understanding of soil biofilms.
